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Abstract An analytical method for determination of multi-
element composition of Vranec wines using microwave diges-
tion for sample preparation and inductively coupled plasma
mass spectrometry (ICP-MS) was optimized and validated.
Best recoveries, ranging from 87 to 114 %, were obtained
for all analyzed elements, using a volume of 5 mL wine and
5 mL HNO3 for sample microwave digestion. In total, 38
elements (Ag, Al, As, B, Ba, Be, Bi, Ca, Cd, Co, Cr, Cs,
Cu, Fe, Ga, Ge, In, Li, Mg, Mn, Mo, Na, Ni, P, Pb, Pd, Rb,
S, Sb, Se, Si, Sn, Sr, Te, Ti, Tl, V, Zn) were determined in
wines. The calibration curves of all elements were linear with
correlation coefficients (R2) ranging from 0.9920 for 11B to
1.0000 for 53Cr and 88Sr. The accuracy of the method
was checked with a standard addition method showing
good repeatability and reproducibility (relative standard
deviation, RSD <10 %). Vranec wines were fermented
with Saccharomyces cerevisiae yeast strains commercial
Clos, RC212, D254, and BDX, and six autochthonous
Vinalco yeasts. The content of total elements in all Vranec
wines ranged between 348 to 678 mg/L, observing lower
amounts in wines fermented with the autochthonous Vinalco
yeast. The content of harmful elements, such as Pb and Cu,
was below the maximal allowed concentration in all wines.
Keywords Multi-element composition . ICP-MS . Vranec
wines . Yeast strains
Introduction
The multi-element composition of wine is a very important
factor for its quality, stabilization, and nutritional value. In
fact, the analysis of certain elements in wine is very important
from nutritional point of view since wine contains essential
elements required for the human organism, such as Ca, Co, Fe,
K, Mg, Cu, Se, Zn, Ni, Cr, and Mn. On the other hand, wine
could contain potentially toxic elements such as Pb, Cd, and
As and therefore the determination of elements in wine is of
special interest (Grindlay et al. 2011). The major elements in
wine (Ca, K, Na, and Mg) are usually present at levels be-
tween 10 and 1000 mg/L, minor elements such as Al, Fe, Cu,
Mn, Rb, Sr, and Zn are present in the range of 0.1–10 mg/L,
and trace elements (Ba, Cd, Co, Cr, Li, Ni, Pb, and V) are
ranged between 0.1 and 1000 g/L (Pohl 2007).
Mineral composition of wines is influenced by many fac-
tors, including the chemical and physical characteristics of the
soil in which the vine is growing on, vine variety, capacity of
the grapes to absorb mineral substances from the soil, climate
changes, and viticultural practices, such as irrigation and ap-
plication of fertilizers, pesticides, herbicides, and insecticides.
Wines from vineyards located in industrial areas and near to
road traffic contain higher levels of Cd and Pb because of
vehicle exhaust fumes or other emissions to air, water, and
soil (Pohl 2007). In addition, the elemental composition of
wine depends on the applied winemaking practices during
different steps of production. Thus, contamination could
occur during the fermentation (addition of yeasts, macera-
tion), storage, and aging (content of proteins, fining agents).
Furthermore, longer contact of wine with the equipment
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produced from different materials (aluminum, brass, stainless
steel) used for handling and storing of wine is a source of Al,
Cd, Cr, Cu, Fe, and Zn (Castiñeira Gómez et al. 2004; Lara
et al. 2005; Pohl 2007; Cheng and Liang 2012; Volpe et al.
2009; Tariba 2011; Hopfer et al. 2013).
During the technological process of winemaking, compo-
sition of elements is changing mainly due to the precipitation
of K and Ca tartrates as well as precipitation of Al, Cr, Cu, Fe,
Mn, Ni, Pb, and Zn (RodriguezMozaz et al 1999). In addition,
the concentration of elements in wine could be modified by
the presence of living or non-living Saccharomyces cerevisiae
yeast lowering significantly the final content of some metals.
Yeast consumes Ca, Cu, Fe, K, Mg, and Zn causing decrease
of their content during fermentation (Volesky and May-
Phillips 1995; Blackwell et al. 1995; Rodriguez Mozaz et al
1999; Nicolini and Larcher 2003).
Red wine is a very complex mixture of ethanol and differ-
ent organic compounds such as carbohydrates, organic acids,
volatiles, and bioactive compounds (anthocyanins, monomer-
ic and polymeric flavan-3-ols, flavonols, and phenolic acids).
Therefore, sample pre-treatments are necessary for its multi-
element analysis. In fact, it is necessary to dilute or decompose
the wine because of the possible matrix interferences.
Elements Al, Cd, Cu, Fe, Ni, Pb, and Zn could be determined
without dilution, while elements Ca, K, Mg, and Na are ana-
lyzed after dilution of wine sample with water (Frias et al
2001; Frias et al. 2003; Diaz et al. 2003). Decomposition
could be performed by wet digestion on a hot plate or in a
microwave oven using concentrated HNO3, HClO4, and
H2SO4 or mixtures of these acids (Frias et al 2001; Frias
et al. 2003; Diaz et al. 2003; Castiñeira Gómez et al. 2004;
Álvarez et al. 2007; Ivanova-Petropulos et al. 2013, 2015b).
For metal determination in wine, atomic absorption spec-
troscopy (AAS) is a technique of choice, suitable for direct
determination of trace elements (Stafilov and Karadjova
2009). Flame AAS (FAAS) and graphite AAS (GAAS) are
applied for measurements of alkalis (K, Li, Na, and Rb), al-
kaline earth metals, Cu, Fe, Mn, and Zn (Diaz et al. 2003), as
well as trace elements (Rebolo et al. 2000; Esparza et al. 2004;
Stafilov and Karadjova 2009; Ivanova-Petropulos et al.
2015b). Electrothermal atomic absorption spectroscopy
(ETAAS) technique offers high sensitivity and selectivity for
determination of low levels of metals. Nowadays, the most
versatile techniques for wine multi-element analysis are in-
ductively coupled plasma optical emission spectrometry
(ICP-OES) and inductively coupled plasma mass spectrome-
try (ICP-MS) providing high detection power, and high selec-
tivity and sensitivity (Muranyi and Kovacs 2000; Castiñeira
Gómez et al. 2004; Sperkova and Suchanek 2005; Ivanova-
Petropulos et al. 2013, 2015b).
Republic of Macedonia has a very long wine history.
Different grape varieties are grown on Macedonian territory,
and between them, Vranec is the most characteristic variety
with the highest economic importance for the country.
Preliminary studies on the phenolic and aromatic content of
this wine variety produced under different vinification condi-
tions have been performed (Ivanova et al. 2012; Ivanova-
Petropulos et al. 2015a, 2015c; Ivanova Petropulos et al.
2014). Moreover, ICP-OES and ICP-MS techniques were ap-
plied for multi-elemental composition of different commercial
Macedonian wines, including Vranec wines too, from differ-
ent wine regions.
However, to the best of our knowledge, there has been no
report on the characterization of the multi-element composi-
tion of Vranec wines fermented with different yeast strains,
autochthonous and commercial. In fact, inMacedonia, there is
only one autochthonous isolated yeast strain, Vinalco, which
effect on phenolics extraction from grapes into Vranec,
Chardonnay and Smederevka wines was studied (Ivanova
et al. 2011a, 2011b; 2012), but until now, no research have
been performed on its effect on the element content and com-
position in wines. Considering this, the objectives of the study
were (1) to develop, optimize, and validate a microwave
digestion method for wine sample pre-treatment, follow-
ed by ICP-MS determination of the elements, and (2) to
assess the influence of different yeast preparations, Vinalco
(Macedonian autochthonous yeast) and commercial yeasts
from Lallemand, on the multi-element composition of
Vranec wines.
Materials and Methods
Chemicals and Reagents
For all analytical procedures, ultrapure water was used
(0.065 μS/cm), obtained from water purification system
TKA Microlab, ASTM Type II water (Thermo Electron
LED GmbH, Germany). Nitric acid (69.0 %,w/w, trace select,
Sigma Aldrich, Munich, Germany) was used for wine diges-
tion and for the conservation of standard solutions for con-
struction of calibration curves. Multi-element certificate stan-
dard solution (Periodic table Mix 1 for ICP, 10 mg/L, Sigma
Aldrich, Munich, Germany) contained 33 elements (Al, As,
Ba, Be, Bi, B, Cd, Ca, Cs, Cr, Co, Cu, Ga, In, Fe, Pb, Li, Mg,
Mn, Ni, P, K, Rb, Se, Si, Ag, Na, Sr, S, Te, Tl, V, and Zn).
Single-element standards were used for the construction of the
calibration curves for Ti, Ge, Sb, Sn, and Mo (10 ppm in 10%
HNO3 trace select, Sigma Aldrich, Munich, Germany).
Tuning solution (ICP-MS Tuning Solution, contains
10 mg/L each of Li, Y, Ce, Tl, and Co in a matrix of 2 %
HNO3, Agilent technologies, Santa Clara, CA, USA) was
used for optimization of the ICP-MS instrument. Rhodium
standard solution (1 mg/L, Sigma Aldrich, Munich,
Germany) was used as an internal standard for correction of
the drifts for external calibration curves.
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Grapes
Grapes from V. vinifera L. varieties Vranec, cultivated in the
Tikveš wine region (Republic of Macedonia), were harvested
in September 2013, at optimal technological maturity
(20.0°brix). Vranec grapes were collected from 15-year-old
vineyards with area of 0.5 ha. The distance between the rows
was 1.5 m and the distance between the vines was 1 m. Grapes
were manually harvested early in the morning and placed in
crates.
Wine Samples
Vranec wines (10 samples) were produced using electrical
inox crusher/destemmer for grapes treatment. The churched
grapes were supplied with SO2 (60–70 mg/L total concentra-
tion) in a form of 5% sulphurous acid. Four wines were
fermented with the S. cerevisiae yeast strains Clos, RC212,
D254, and BDX (Lallemand, Bordeaux, France), and six
wines with autochthonous Vinalco yeast (Bitola, Republic of
Macedonia). Autochthonous Vinalco yeasts were selected by
the factory for yeast and alcohol manufacture in Bitola, from
grapes grown in the Tikveš region, Republic of Macedonia.
Grape mash for all ten wines was macerated for 8–10 days at
temperature of 23±2 °C. Pumping over with delastage was
performed once per day during the first 3 days of maceration,
followed by pumping over two times a day. ICP-MS analyses
of wines were performed after a 6-month period of
stabilization.
Sample Preparation
To remove the appreciable amounts of deposits and colloidal
suspensions present, the samples were filtered (cellulose ace-
tate membrane, 0.45 μm pore size) and then acid-digested in a
microwave oven (MARS 5, CEM corporation, Matthews,
NC, USA). For sample preparation, 5 mL of wine was
digested with 5 mL nitric acid (69.0 %, w/w), and sam-
ples were made up to a final volume of 25 mL with
ultrapure deionized water. The operating conditions for
the applied microwave digestion system are given in
Table 1.
ICP-MS Analysis
The quadrupole inductively coupled plasma mass spectrometer
(Q-ICP-MS) was used for all isotopic measurements (model
7500cx, Agilent technologies, Santa Clara, CA, USA). The in-
strument was tuned for standard robust plasma conditions, equip-
ment with Micromist nebulizer. The Octopole Reaction System
(ORS) was operated in Bno-gas mode^ (when no optional gas
except argon was used) and in Bhelium mode^ (when helium
was used as optional gas). All relevant instrumental conditions
are given in Table 2. Tuning was performed by optimizing the
signal measured counts per ratio (CPS) for 7Li, 89Y, and 205Tl,
from aqueous standard solution (Tune solution) that
contained 10 ng/mL of Li, Y, Co, Ce, and Tl. For the ICP-
MS analysis, the following 39 isotopes were recorded: 7Li, 9Be,
11B, 23Na, 24 Mg, 27Al, 28Si, 31P, 34S, 43Ca, 48Ti, 51 V,
53Cr, 55Mn, 56Fe/57Fe, 59Co, 60Ni, 63Cu, 66Zn, 69Ga,
72Ge, 75As, 77Se, 85Rb, 88Sr, 95Mo, 107Ag, 114Cd, 115In,
120Sn, 121Sb, 125Te, 137Ba, 205Tl, 206Pb/207Pb/208Pb, and
209 Bi.
Instrument drifts where corrected using rhodium as an in-
ternal standard, at concentration level of 10 μg/L, added to
both calibration standards and wine samples, to normalize the
instrument response. Rhodium was selected as an internal
standard due to the very low background signal found for this
element, and beacause it was not present in the wine. Addition
of the internal standard to the samples was performed by a
peristaltic pump.
Table 1 Microwave digestion operating programme
Stepa Initial
temperature
Final
temperature
Ranging
time
Time hold Power
(°C) (°C) (min) (min) (W)
1 25 100 15 5 800 (75 %)
2 100 150 10 5 800 (100 %)
3 150 180 10 10 1600 (85 %)
aApplied pressure of 20 bars at each step
Table 2 ICP-MS operating conditions
Instrument Q-ICP-MS, 7500cx
Sampler cone Ni (standard)
Skimmer cone Ni (standard)
Nebulizer MicroMist (standard)
Plasma torch Quartz, 2.5 mm (standard)
Integration time
Si, Sb, Ga, B 0.5 s×1 point
Li, Be, As, Se, Cd 0.3 s×1 point
All other 0.1 s×1 point
Replicates 3
Tune parameters
RF power 1500 W
Sample depth 7.6 mm
Carrier gas 1.00 L/min
Makeup gas 0.25 L/min
Extract 1 +6 V
Extract 2 −145 V
Energy discrimination 3 V
Reaction gas He 5.5 mL/min
CeO/Ce 0.65 %
Ce++/Ce 2.08 %
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A synthetic wine sample (12 % ethanol, 4 g/L tartaric acid,
and pH 3.4) was prepared containing 5 % HNO3 and 10 μg/L
of the multi-element certificate standard solution to give rise to
multiple interferences across a range of common analytes and
test the ability of He collision mode to remove all overlapping
polyatomic species. Two sets of spectra were acquired to show
the ability of the He collision mode to remove multiple inter-
ferences: one in Bno gas^mode and the second with He added
to the cell. Data correction or background subtraction was
applied in He mode for the elements As, Bi, Ca, Co, Cs, Cu,
Fe, Ga, Ge, Mg, Ni, P, Pd, S, Se, Si, Te, Ti, T, and Zn.
Validation of the Method
Limit of Quantification (LOQ) Ten sample blanks were run
to determine the instrument limits of detection (ILD) and limit
of quantitation (LOQ), as suggested by the International
Union of Pure and Applied Chemistry (IUPAC) (Hopfer
et al. 2013). Background equivalent concentration (BEC)
was calculated as an indicator for the calibration offset
expressed as a concentration, due to the elemental contamina-
tion of the blank. The analysis of the blank solution for all
target elements for 10 times with three repetitions at each
measurement was conducted.
Recovery Due to the lack of a sufficient wine certified refer-
ence material, the accuracy of the procedure was checked
using synthetic wine (12 % ethanol, 4 g/L tartaric acid,
pH 3.4), and red and white wine, spiked with two different
standard additions: 10 μg/L (for trace elements) and 1 mg/L
(for macro elements).
Repeatability andReproducibility The intra-day repeatabil-
ity and inter-day reproducibility have been studied. One wine
sample containing known amounts of the added elements was
digested five subsequent times (in 1 day) applying the proce-
dure described above, and the obtained solutions were ana-
lyzed by ICP-MS in order to study the intra-day repeatability.
Furthermore, the wine samples were digested three times dur-
ing three consecutive days, in order to study the inter-day
reproducibility.
Calibration Curves
For quantitative analysis of the elements in digested wine
samples, external calibration curves were built at different
concentration levels: 0.5, 1, 3, 5, 10, 30, 50 μg/L for the trace
elements (Li, Be, Al, Ti, V, Cr, Co, Ni, Ga, Ge, As, Se, Mo,
Pd, Ag, Cd, In, Sn, Sb, Te, Cs, Ba, Tl, Pb, and Bi); 100, 300,
and 500μg/L for the elements Cu, Zn, Rb, Sr, Mn, and Fe; and
1, 3, 5, and 10 mg/L for the macro elements Na, P, S, Ca, Mg,
K, and Si.
Statistical Analysis
Statistical treatments, including mean, standard deviation, rel-
ative standard deviation, t test, and one-way ANOVA were
performed using the XLSTAT Software, Version 2012.6.09,
Copyright Addinsoft 1995-2012, applied to the multi-element
data set in order to extract the important information and to
represent the pattern of similarity or differences between the
studied wines in order to make a conclusion about the possible
classification.
Results and Discussion
Optimization of the Method
The ICP-MS system was optimized under typical tuning con-
ditions for high and variable sample matrices (plasma condi-
tions optimized for 0.65% CeO/Ce) using multi-element stan-
dard solution. No attempt was made to optimize any parame-
ter for the targeted removal of any specific interference. A
flow of 5.5 mL/min He gas (only) was added to the cell for
the collision mode measurements. Normal background com-
ponents of the argon plasma gas and aqueous sample solution
(Ar, O, H), together with the additional components of the
synthetic sample matrix (HNO3 and ethanol) lead to formation
of several high-intensity background peaks in the no-gas
mode spectrum, notably 40Ar16O, 40Ar 38Ar, 40Ar18O, and
40Ar2, from the plasma. Also,
40Ar18OH, 40Ar12C,
36Ar16OH, 40Ar12CH, 40Ar12C, 40Ar13C, 38Ar12C14N, and
40Ar14N were qualitatively determined as polyatomic interfer-
ences from the matrix. Their higher-intensity background
peaks show why several interfered elements (56Fe, 52Cr,
53Cr, 59Co, 58Ni, 60Ni, 64Zn, 77Se, 78Se, and 80Se) were tradi-
tionally measured in helium mode. Despite the optional
helium gas for the polyatomic interferences removal, for some
of the isotopes, very low sensitivity (spike recoveries <80 %)
was obtained (52Cr, 58Ni, 78Se, and 80Se).
In order to develop a convenient and accurate sample prep-
aration method followed with ICP-MS method for multi-
element analysis of wine samples, several investigations were
performed. In this study, we decided to use digestion micro-
wave method for wine preparation in order to (i) eliminate
molecular interferences and plasma disorders caused by the
organic content of the samples, (ii) to avoid the presence of
colloidal suspensions and particulates on the nebulisation sys-
tem, and (iii) to equalize matrix influences. Moreover, the
main aim of the method development was to find the mini-
mum aliquot of wine and acid that will allow successful di-
gestion of the sample, presenting best recoveries for the ele-
ments. Thus, different volumes of nitric acid (3, 5, and 10mL)
were added to different volumes of wine sample (1, 3, and
5 mL). Additionally, a volume of 10 mL of wine was
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previously evaporated on a electrical heater at 70 °C to final
volume of 1 mL, followed by additions of nitric acid (3 and
5 mL). Best results were obtained when a volume of 5 mL
nitric acid was added to the volume of 5 mL wine sample and
then digested.
For total microwave digestion of the wine sample, different
temperatures were tested, 150, 180, and 220 °C, observing best
digestion at 180 °C. Finally, the applied power effect (400,
800, and 1600 W) was also examined in each digestion step.
In order to confirm the best chosen conditions for wine
digestion, synthetic sample, red wine, and white wine were
digested and recoveries were calculated (Table 3). The diges-
tion seemed visually completed in all of the combinations, but
the spiked recoveries showed significant differences for total
element content (p<0.05). Thus, the average recoveries of
total elements for the synthetic wine sample when volumes
of 1 and 3 mLwere digested with 3, 5, and 10mLHNO3 were
68.6, 64.4, and 72.5 %, and 77.6, 81.8, and 66.9 %, respec-
tively. Similar results were obtained for digestion of the red
and white wine sample: for volumes of 1 and 3 mL wine
digested with 3, 5, and 10 mL HNO3. Thus, average recover-
ies for the total elements content were 77.8, 72.3, and 66.5 %,
and 62.4, 85.9, and 78.2 %, respectively, for red wine and
66.4, 86.4, and 83.4 %, and 78.2, 76.9, and 89,5 %, respec-
tively, for white wine. The best recoveries (R>90 %, on aver-
age for total elements) were obtained when volume of 5 mL
sample (synthetic, red and white wine) was digested with
5 mL HNO3. The recoveries for the individual isotopes of
the 36 analyzed elements determined with three repetitions
for each element are presented in Table 3. Values ranged from
85 % for Se to 117 % for Ti in synthetic wine, 86 % for S to
118 % for Ba in red wine, and 83 % for Ca to 116 % for Sn in
the white wine sample.
When volume of 10 mL wine was evaporated to volume of
1 mL and then digested with 3, 5, and 10 mL HNO3, the
recoveries ranged from 53 % for S to 81 % for N, and average
recovery of 69.3 % for total elements content (data not shown).
Validation of the Method
The linearity data, including slope, intercept, and correlation
coefficient, are presented in Table 4. As it can be seen from the
table, the linearity is satisfactory in all cases with correlation
coefficients (R2>0.99) ranging from 0.9963 for B to 1.0000
for As, Co, Mo, Na, Ni, Rb, and Sr.
The estimated instrument detection limit based on calibra-
tion linearity (external calibration), linear range, limit of
detection (LOD), and limit of quantification (LOQ), as
well as the background estimated concentration (BEC),
was calculated for all elements in three consecutive
days. Results are presented in Table 4. The lowest instrument
detection limit (0.12 ng/L) was obtained with satisfactory sen-
sitivity for 59Co in helium mode (R2=1.0000).
The accuracy of the procedure was checked using the stan-
dard addition method. One Vranec wine sample was spiked
with appropriate volumes of the multi-element standard solu-
tion: standard addition 1with concentration of 10μg/L, for the
trace elements, and standard addition 2 with concentration of
Table 3 Standard additions for checking the accuracy of the
microwave digestion (5 mL wine digested with 5 mL nitric acid) and
ICP-MS method (n=3)
Element Recovery±RSD (%)
Synthetic wine Red wine White wine
Aga 92.1±3.4 87.2±4.5 84.2±10.2
Alb 88.3±2.0 92.1±7.9 91.7±5.6
Asa 91.5±5.5 94.1±8.2 106±7.3
Bb 97.2±4.6 97.3±10.7 95.3±8.6
Bab 105±2.1 118±5.2 109±4.2
Bea 87.9±6.1 108±7.3 91.2±7.6
Bia 96.3±4.9 89.4±5.1 87.4±8.3
Cab 87.5±5.9 91.3±6.3 83.7±2.5
Cda 97.8±6.7 95.5±10.9 88.7±7.4
Coa 109±8.4 114±3.2 115±4.5
Cra 95.0±9.1 110±8.9 109±7.3
Cua 107±6.7 97.9±4.5 92.5±5.9
Fea 90.3±7.2 87.6±6.1 84.1±3.6
Gaa 93.1±6.2 89.8±4.7 88.3±4.8
Gea 85.4±6.0 95.8±8.9 87.2±7.7
Ina 96.3±0.8 96.6±8.2 97.4±5.9
Lia 110±6.0 107±5.3 112±9.6
Mgb 108±8.2 114±4.4 110±5.3
Mnb 92.3±8.7 107±5.2 96.5±11.2
Moa 85.6±7.4 98.6±7.8 87.0±8.2
Nab 91.3±2.2 97.5±6.8 91.4±5.7
Nia 90.7±2.4 105±9.6 107±10.2
Pb 86.7±8.5 86.9±4.0 89.7±8.8
Pba 94.7±8.3 88.6±6.7 90.6±11.3
Rbb 111±4.5 90.4±8.9 93.3±6.7
Sb 114±5.3 86.5±7.3 89.4±4.9
Sba 97.4±4.9 108±5.2 112.3±8.1
Sea 86.3±1.6 93.2±7.1 87.8±7.4
Sib 84.7±8.0 87.1±4.3 86.9±3.1
Snb 97.6±2.9 114±5.4 116±5.4
Sra 92.3±5.5 107±6.7 111±8.9
Tea 106±3.3 92.7±8.1 87.5±6.8
Tia 117±2.3 87.8±3.7 88.3±4.2
Tla 93.6±8.7 90.3±8.4 97.8±10.5
Va 90.4±4.2 93.7±6.7 87.2±9.7
Zna 98.9±6.9 105±5.0 92.4±3.5
RSD relative standard deviation
a 10 μg/L, standard addition 1 added for trace elements
b 1 mg/L, standard addition 2 for macro elements
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1000μg/L, for the macro elements. The satisfactory results for
the recovery ranged between 83 and 120 % (Table 5) and
confirmed that the method is accurate and convenient for
quantitative analysis of elements in red and white wines.
Precision of the method was defined as a relative standard
deviation (RSD) calculated as a percentage using the standard
deviation divided by the mean of replicated samples (Table 5).
The values for the relative standard deviation (RSD) ranged
from 0.55 % for Mg to 10.2 % for Ba.
Additionally, to confirm the accuracy of the method and to
check the repeatability, five replicated measurements on an
actual white and red wine samples were performed within
Table 4 Linear regression data
Element Isotope Unit Mode External calibration
linear range
Slope Intercept R2 LOD LOQ BEC
Ag 107 μg/L No gas 0.5–5 0.0047 −0.0062 0.9996 0.023 0.077 0.033
Al 27 μg/L No gas 10–100 1.037 10.67 0.9997 0.35 1.165 5.07
As 75 μg/L He 0.5–10 0.009 0.0018 1.0000 0.0015 0.0049 0.065
B 11 μg/L No gas 0.1–1 0.328 −8.980 0.9963 0.05 0.16 0.47
Ba 137 μg/L No gas 10–100 0.013 −0.0098 0.9998 0.22 0.7326 0.20
Be 9 μg/L No gas 0.5–5 0.0178 0.0017 0.9998 0.019 0.063 0.011
Bi 209 μg/L He 0.5–10 0.00928 0.01046 0.9990 0.06 0.199 0.05
Ca 42 μg/L He 1–10 0.00023 0.0398 0.9998 0.07 0.233 0.04
Cd 114 μg/L No gas 0.5–10 0.0215 0.0241 0.9991 0.0056 0.019 0.0083
Co 59 μg/L He 0.5–5 1.376 −0.942 1.0000 0.00012 0.0004 0.00025
Cr 53 μg/L He 0.5–10 0.0074 −0.00534 0.9994 0.0052 0.017 0.0067
Cu 63 μg/L He 5–50 0.6148 6.970 0.9997 0.024 0.079 0.034
Fe 56 μg/L He 50–500 1.368 150.5 0.9995 0.2961 0.976 2.25
Fe 57 μg/L He 50–500 0.00172 0.0694 0.9999 1.23 4.095 1.52
Ga 69 μg/L He 0.5–5 0.0551 –0.00164 0.9994 0.0095 0.031 0.011
Ge 72 μg/L He 0.5–5 0.00025 0.00184 0.9993 0.0014 0.0046 0.021
In 115 μg/L No gas 10–100 2.212 −2.311 0.9994 0.07 0.23 0.12
Li 7 μg/L No gas 0.5–10 0.0595 0.0202 0.9997 0.0202 0.016 0.067
Mg 24 mg/L He 1–10 187.2 67850 0.9993 0.0513 0.169 0.581
Mn 55 μg/L No gas 0.1–1 1.676 −2.034 0.9991 0.0032 0.0106 0.0035
Mo 95 μg/L No gas 0.5–5 0.0000047 0.000313 1.0000 0.0012 0.0039 0.0022
Na 23 μg/L No gas 1–10 1.201 451.2 1.0000 0.0061 0.020 0.0059
Ni 60 μg/L He 0.5–10 0.0155 0.0037 1.0000 0.0015 0.0049 0.0022
P 31 μg/L He 1–10 0.0403 38.16 0.9977 0.055 0.18 0.0063
Pb 206 μg/L No gas 0.5–10 0.0231 0.0647 0.9988 0.011 0.037 0.018
Pb 207 μg/L No gas 0.5–10 0.01977 0.0565 0.9995 0.027 0.089 0.041
Pb 208 μg/L No gas 0.5–10 0.0480 0.1333 0.9991 0.032 0.106 0.068
Rb 85 μg/L No gas 50–500 1.440 2.110 1.0000 0.41 1.36 1.59
S 34 μg/L He 1–10 1.188 524 0.9996 0.022 0.073 0.037
Sb 121 μg/L No gas 0.5–5 0.02892 13.67 0.9998 0.17 0.561 3.12
Se 77 μg/L He 0.5–5 0.00084 0.000313 0.9990 0.00054 0.0018 0.00062
Si 28 μg/L He 0.5–5 0.5426 36.36 0.9994 0.060 0.198 0.983
Sn 120 μg/L No gas 0.5–5 0.000052 0.004069 0.9970 0.0027 0.0089 0.0033
Sr 88 μg/L No gas 0.1–1 1.868 8.696 1.0000 0.00094 0.0031 0.0014
Te 125 μg/L He 0.5–5 0.03688 −0.00592 0.9998 0.033 0.11 0.047
Ti 48 μg/L He 0.5–5 0.000659 −0.03982 0.9997 0.029 0.096 0.031
Tl 205 μg/L He 0.5–5 1.867 −4.363 0.9995 0.00035 0.0012 0.00030
V 51 μg/L No gas 0.5–10 1.335 4.040 0.9999 0.00040 0.0013 0.025
Zn 66 μg/L He 10–100 0.1922 2.269 0.9998 0.0018 0.0059 0.0010
LOQ limit of quantification, LOD limit of detection, BEC background estimated concentration
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1 day. Every digested sample was injected three times into the
ICP-MS system. The relative standard deviations (RSD) of the
five replicate samples for each element are presented in
Table 6. Satisfactory values for the RSD ranging from
1.04 % for Na to 10.9 % were found for red wine and RSD
values for white wines were 1.16 % for Li to 11.8 % for Ni.
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Table 6 Results for repeatability data for each element in red and white
wine (5 measurements per day with 3 injections per measurement)
Element Unit Red wine White wine
Mean
concentration
RSD (%) Mean
concentration
RSD (%)
Ag μg/L 2.55 2.70 27.2 6.13
Al mg/L 0.66 8.45 1.23 2.45
As μg/L 20.6 1.80 84.2 2.08
B mg/L 2.53 2.43 2.46 1.27
Ba μg/L 152 4.25 85.1 5.05
Be μg/L 0.33 1.96 5.75 3.05
Bi μg/L 42.8 1.68 36.0 1.88
Ca mg/L 39.7 9.23 41.1 4.74
Cd μg/L 0.0093 2.60 7.44 1.64
Co μg/L 1.42 4.58 4.92 4.78
Cr mg/L 0.46 8.73 1.39 1.62
Cu μg/L 26.1 1.24 27.4 3.06
Fe mg/L 1.23 3.45 1.52 1.87
Ga μg/L 15.2 4.31 44.8 5.76
Ge μg/L 0.0062 1.66 0.076 4.15
In μg/L 6.03 4.38 231 1.29
Li μg/L 4.86 1.08 4.41 1.16
Mg mg/L 64.4 2.87 61.4 2.29
Mn mg/L 0.75 2.14 0.86 2.24
Mo μg/L 2.36 2.08 4.10 5.14
Na mg/L 9.65 1.04 24.0 6.44
Ni μg/L 19.2 6.28 32.4 11.8
P mg/L 114 10.9 110 2.33
Pb μg/L 12.4 1.07 25.2 10.7
Rb mg/L 1.13 4.51 1.01 3.78
S mg/L 74.3 8.53 95.3 2.83
Sb μg/L 0.53 7.31 2.29 6.44
Se μg/L 12.1 2.38 57.3 1.70
Si mg/L 32.7 2.42 24.9 1.66
Sn μg/L 5.15 1.73 4.89 3.21
Sr μg/L 653 7.71 561 5.15
Te μg/L 0.81 5.56 102 3.52
Ti μg/L 21.7 4.63 26.1 4.96
Tl μg/L 2.20 2.06 4.45 1.27
V μg/L 12.2 4.95 56.8 1.53
Zn μg/L 46.9 6.74 53.9 2.54
Results are average values of five repetitions in five consecutive days
RSD relative standard deviation
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Reproducibility was also checked with replicate samples
analyzed in three different days (3 replicates×3 injections×
3 days), and the RSD for each element was calculated
(Table 7). The RSD values ranged from 0.32 % for Si (day
2) to 15.1 % for Se (day 3) for red wines, and for the white
wine, the RSD ranged from 0.19 % for Cu (day 2) to 8.73 %
for Cu (day 2). In order to confirm the inter-day reproducibil-
ity, t test was used to evaluate the similarities or differences in
the content of elements during three consecutive days. The p
level was reported with t test, representing the probability of
error. Satisfactory p values (p>0.05) were obtained for day
1/day 2, day 1/day 3, and day 2/day 3 comparisons for both
red and white wine samples, indicating acceptable reproduc-
ibility of the applied method (Table 7).
Method Application and Elemental Characterization
of Vranec Wines
Table 8 shows the content of 38 elements (Ag, Al, As, B, Ba,
Be, Bi, Ca, Cd, Co, Cr, Cs, Cu, Fe, Ga, Ge, In, Li, Mg, Mn,
Mo, Na, Ni, P, Pb, Pd, Rb, S, Sb, Se, Si, Sn, Sr, Te, Ti, Tl, V,
Zn) determined in Vranec wines fermented with different
yeasts (autochthonous yeast, Vinalco, and four commercial
yeasts, Clos, RC212, D254, BDX, from Lallemand).
For all wines, the total content of elements ranged from 348
to 678 mg/L (mean 499 mg/L). Elements B, Ca, Mg, Na, P, S,
and Si were dominant in all wines regardless the yeast strain
used for fermentation. In fact, the group of major elements (B,
Ca, Mg, Na, P, S, and Si) represented the highest proportion in
all wines ranging from 49 to 95.6mg/L, followed by the minor
elements (Al, Ba, Cu, Fe, Mn, Rb, Sr, and Zn) present in a
range of 0.42 to 0.97mg/L and trace elements (Ag, As, Be, Bi,
Cd, Co, Cr, Cs, Ga, Ge, In, Li, Mo, Ni, Pb, Pd, Sb) ranging
between 2.12 to 6.53 μg/L, comparable to those reported in
the literature (Pohl 2007). Boron is an essential element for
plants which is easily mobilized from the soil into the plant.
Similarly, P is an essential plant element, which is often added
to the soil with fertilizers, while, Mg, Mn, and Si are mainly
influenced the soil mineral content (Hopfer, et al. 2015). All
wines presented high values of P ranging from 96 to 211mg/L
confirming the high nutritional value of Vranec wines.
Moreover, results for all determined elements are in accor-
dance to previous data about multi-element composition of
Macedonian wines (Ivanova-Petropulos et al. 2013). In addi-
tion, analyzed wines presented higher content of Ca and Mg,
but lower amount of Na compared to Vranec wines and other
red wines produced in Serbia (Mitic et al. 2014).
Considerable amounts of S were found in all Vranec wines
(79.2 to 315 mg/L). In fact, S is mainly present due to the SO2
which is usually an added agent into the grape must to protect
the enzymatic and non-enzymatic oxidation of phenolics,
sugars, and amino acids that could cause browning of the
wine. The addition of SO2 is traditionally considered as anT
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efficient method to protect and preserve the wine at different
stages of its elaboration.
Regarding the harmful elements, the content of As, Cd, Cu,
Fe, Pb, and Zn was below the maximal allowed concentration
in all wines. Thus, As ranged from 0.57 to 1.23 μg/L (mean
value 0.88 μg/L), Cd from 0.2 to 1.22 μg/L (mean value
0.36 μg/L), Cu was present in range of 0.015 to 0.041 mg/L
(mean value 0.06 mg/L), concentration of Fe ranged from
0.56 to 2.73 mg/L (mean value 1.22 mg/L), and levels for
Pb and Zn ranged between 3.06 to 13.6 μg/L and 0.05 to
0.44 mg/L, respectively (mean values 6.87 μg/L and
0.19 mg/L). Maximal acceptable limits for these toxic ele-
ments are as follows: As 0.2 mg/L, Cd 10 μg/L, Cu 1 mg/L,
Pb 0.15mg/L, and Zn 5 mg/L. Comparing the obtained results
with red wines from the region, Macedonian wines presented
lower content of Cu, Fe, and Zn, but slightly higher amount of
Mn (Mitic, et al. 2014).
Influence of yeast strains was noticed on the content of
elements. On average, Vranec wines fermented with
Lallemand yeasts contained higher content of total elements
(14.3 mg/L) compared to wines fermented with Vinalco yeast
(12.5 mg/L) (p<0.05). The average levels of major elements
B, Ca, Mg, and Na (4.27, 70.8, 119, and 12.7 mg/L, respec-
tively) in wines fermented with Lallemand yeasts were signif-
icantly higher (p<0.05) than in the wines fermented with
Vinalco yeasts (3.79, 74.6, 104, and 5.46 mg/L, respectively),
while the content of P and Si was similar between the wines.
The content of S was significantly higher (p<0.05) in the
wines fermented with the commercial Lallemand yeasts
(168 mg/L on average) compared to wines produced in pres-
ence of autochthonous Vinalco yeasts (120 mg/L on average).
In fact, yeasts themselves produce SO2 during fermentation of
grape juice influencing the content of sulphurous. Most of the
S. cerevisiae yeast strains produce 10–20 mg/L SO2 during
fermentation that can increase the total amount of bound SO2
causing too high levels with regard to the legal limits.
Concerning the harmful elements, slightly higher content
of As and Cd was noticed for wines fermented with Vinalco
yeast (1.01 and 0.43 μg/L on average, respectively) (p<0.05)
than in wines fermented with Lallemand yeasts (0.7 and
0.27 μg/L on average, respectively). Content of Cu, Fe, and
Ni was similar in all wines, while higher proportion (p<0.05)
of Pb (mean value 7.32 μg/L) and Zn (mean value 0.27 mg/L)
was present in Vranec wines fermented with Lallemand
yeasts.
In general, yeast strains presented influence on metal ions
in Vranec wines, showing that different yeasts could cause
changes in the mineral composition of wines, probably be-
cause yeast strains possess different potential for accumulating
a range of metal cations as well as they have different meta-
bolic needs. According to the literature (Blackwell et al.
1995), large amounts of metals can remain associated with
the cell wall. As regard this, a biosorption effect of heavy
metals by S. cerevisiae was observed by Volesky and May-
Phillips (1995) and Nicolini and Larcher (2003). In these stud-
ies, yeast strains were shown to affect the final content of a
few elements, including Co, Cu, Mg, Na, Pb, Sr, and Zn.
Probably, this was related to the different genetic capabilities
of the strains to produce H2S as well as different metabolic
needs, e.g., for Zn and Co, beside biosorption on cell walls.
Conclusion
Fast and accurate method for sample preparation followed
with ICP-MS for multi-element analysis of wine was opti-
mized and developed. The method presented satisfactory lin-
early, LOD, LOQ, accuracy, repeatability, and reproducibility
for total 38 elements (Ag, Al, As, B, Ba, Be, Bi, Ca, Cd, Co,
Cr, Cs, Cu, Fe, Ga, Ge, In, Li, Mg, Mn, Mo, Na, Ni, P, Pb, Pd,
Rb, S, Sb, Se, Si, Sn, Sr, Te, Ti, Tl, V, Zn). It was then used for
determination of the element content in Vranec wines
fermented with S. cerevisiae yeast strains commercial Clos,
RC212, D254, and BDX and six autochthonous Vinalco
yeasts. Vranec wines fermented with the autochthonous
Vinalco yeasts presented lower content of total elements com-
pared to the wines fermented with commercial yeasts.
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